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LEVELCRUIBINGFLIGHT
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A flightinvestigationinnaturalicingconditionswascon-
ductedbytheTJACAto deteminetheeffeotoficeaccretiononair-
planeperfozmame.

Themaximumlossinpro~llqrefficiencyencountereddueto
icefomationonthepropellerbladeswaa19percent.Wring
87~rcentofthepropellericingencountem,lossesof10percent
orlesswereobserved.Iceformationsonallofthecomponentsof
theairplaneexceptthepropellersduringoneicingencounter
resultedinanincrease”inparasitedragoftheairplaneof81mr-

.

cent.Thecontrol
marginal.

responseaftheairpianeinthis-oondltion&s

rNTRomcTIor?

Thelackafquantitativeetidenceofthedeleteriouseffects
oficeformationonairplanecomponentshasrestrictedtheevalua-
tionoftheicingproblemandhas%heraforetendedtoretardthe
developmentandtheadoptionofnewandimprovedice-protection
systems.Althoughseriousreductionsinairplaneperfoxmencehave
oftenbeeneqerienced,~ssibleerrorsinairspeedind.ioationedue
toiceonthepitotstatictubemadedifficultanaccurateevalua-
tionofthemagnitudeofthehazard;andtherelativeeffectsof
iceonthepropellercomparedwiththatontheremainderofthe
airplanewerenotaccurately.evaluated. ,

Severalinvestigationshavebeenmade@ the<fectsafpro-
pellericing(references1 and2),butverylittleresearchhas
beenperformedtodeterminequantitat~vely-theeffectsoficeon
othercomponents.

Resultsofwind-tunnelinvestigationsusingsimulatedice
formationsonpropellers(reference1)indicateda lossinpro-
Tellerefficiencyofonly3 percentforlevel-flightoperating
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2 NACA TN NO. 1598

conditions. Propeller-whirlstudiesconductedbytheArmyAir
Forces,duringwhichicingconditionsweresrbtiiciallyckeated,
inMcatednegligiblelosses.~ bothcasestheresultswereincon-
clusivebecausethequmtitiesoficesimulatedorobtainedwere
smallerthanfomationsfrequentlyobserved-duringj?lightin
naturalicingconditions.

Preliminaryflifjhtinvestigationsofpropellericingin
natmnalicingconditions(ref=ence2)indicatedsignificantpro-
pellerperfoxmance losses.Thesedatawereinconclusivebecause
theydidnotpermita distinctionbetweenthetifectsofpropeller
iceandtheeffectsoficefcmmationsonothercomponentsafthe
airplane.

Aninvestigationwasthereforeundertakentodetenuinethe
effectsoficefcnmatiouonpropellers,wings,empennage,engine
COWl@S, ~a miscellaneousun~otectedcompmentsoftheairplane.
FlightoperationswereconductedintheGreatLakesregionbyNACA
Clevelmdla%oratmypersonnelandovermost& theUnitedStates
bytheNACAAmeslaboratorypersonnel“underconditionsM natural
icingduringthewinterof1946-47.

Thede~eed propellerunbalanceexperiencedduringfli@xt
withiceaccretiononthebladeswasevaluated.Iceformatiaon
the&rplanewerephotogrqihedtopetitfuturesimulationfor
aerodymmicstudiestiwindtunnels.

Specialweatherforecastingfortheicingflightswasprovided
bytheUnitedStatesWeatherBureau.

lwPARATus

TheflightinvestigationbytheClevelandlaboratcrywascon-
ductedwitha twin-engineairplane(fig.1). Thisairplanewas
orig-llyusedbytheAmy AirForcesinthepreliminaryinvesti-
gationofpropellericingreportedinreference2. Theice-
preventionequipnentprovidedbythemmmfacturerconsistsofa
themnalheated-airsystemthatprotectstheoutboardwings,the
horizontalandverticaltailsurfaces,andthetidshields.For
thisinvestigation,theanti-icingsystemwasaqgnentedbythemal
electiicanti-icingequipmentforthefuselageforesection,the
propellers,thetibomdwings,thecowlings,andtheantennamasts.
Liquid-watercontent,dropletsize,anddroplet-sizedistribution
weredeterminedbymeansofrotatingcylinders.Theinstallation
d therotatingcylindersanda disk-typeicing-ratemeterisshown
infigure2. ThePinciplesofoperation& theseinstrumentsare
explainedinreferences3 and4. Specialresearchequipmmt
installedintheairpleneislistedintable1.

$
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Theeffectsoficeonpropellmperfomnancewerealsoobtained
bytheAmeslaboratorywiththeC-46airplanedescribedinrefer-
ence5. Meteorologicaldataweretakeninthesamemannerasat
theClevelsndlaboratory.

ClevelandLaborato~

Inordertodeterminetheaffectscd?iceformationsoqpro-
pellers,flightswereconduct@ticL=M-* conditi~toestab-
lishtheperformanceoftheairplanewithouticeaccretion.Per-
formancedatawerethentakenduringflightinicingconditions.
- ntie& theseflights,icewasallowedtocollectq on .
thepropellersandmiscellaneousunprotectedprotuberances(loop
antennas,antennas,andsoforth)aPtheairplane.Perfcmmance
datawerealsoobtednedintheicingconditionswithiceremoved
fromthepropellm=,butwithiceaccretionsrminingonthemis-
cellaneousprotuberances.

Inofier to deteminetheeffectaPiceaccretiononother
componentsoftheairplane,thepyellerswereanti-icedandthe
remainderoftheairplanewasallowedtoice.Therespective~er-
fcmnancelossattributedtofceformationsonthewings,theempen-
nage,theenginecowlings,andmiscellaneouscomponentswasmeasured
afterselectivede-icingofeachccmponentandnotingtheperfomn-
ancechangeoftheairplane.

.

Rotatingcylindexwwereexposedtoicingconditionsforat
leastone5-minuteperiodal?eachicingrun.Free-airtempa%dmre
andicingratewerecontinuouslyrecordedduringeachrun.

Performancedatawerereducedtostandardconditionsbythe
methoddescribedinreference6. Thepemasite-dragincrementsdue
toicingoftheairplanecomponentsotherthanthepropellerwere
calculatedandcorrectedforchangesininduceddragandengl.eof
attack.

AmesLaboratory

TheinvestigationconductedattheAmesUiboratorywaslimited
toa studyofthed’fectsoficeonthepropeller.
wasotherwisethesameasatCleveland,exceptthat
wasmeasuredbymeansofa thrustmeter.

Theprocedure
propellerthrust

—— -.. .—-.-– .——. — —— ——-— —-— .—.—— —————-
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RESU13!SANDDISCUSSION

Propeller,Icing

Thevariationwithindicatedairsyeedofthepowerrequiredto
maintainlevelflightforthetwin-engineairplaneusedatthe
Clevelandlaboratoqtithtypicaliceformationsonthepropellers
isshowninfigures3 and4. Calculatedcurvesofpowerrequired
withveziouslossesinwo@hr efficiencyarealsoincludedin
orderthatthelossinpropellerefficiencywithiceaccretionon
thebladescanbeestimated.Thesedatarepresentthemaximum
deleteriouseffectsofglaze-iceendrime-iceformationsonthe
propellenencounteredduringthisinvestigation.Withglaze-ice
accretion,a heavyiceformationEcr&mdedtoapproximately30per-
centd thebladeradiusandsomedepositsextendedto60percent

, ofthemdius(fig.3). Thedataforthisconditimindicatea
10BSinppellertificiencyof7 percent,whichisequivalentto
a decreaseinairspeedfra 195to187milesperhourat1400brake
horsepower.Duringthisicingencounter,mothericefomation
resultedina propeller-efficiencyloss& 17percent.Suchfozma-
tionsdidnotremainonthepropellersforprolongedperiodsCXC
time,however,becauseofnaturalsheddingoficefromtheblades.

Heavyrime-icedepositsextendedtoa 50-percentradius
(fi&4)● Somesmallaccretionsadheredbeyondthe50-percent
rada .“ A lossinpropellerefficiencyal?i2
frcmthisformation.

Sevenothericingencountersresultedin
efficiencyUx&es.Thesedataaresummarized

percentr&mlted

smallerpropeller-
intableD.

Themeximumpropellmunbalanceencounteredduringthisinves-
tigattonwea85ounce-inches.Vibrationswerenotedonlywhenthe
unbalanceexceeded70ounce-inches.Icesheddingfromthepro-
pellersresultedindenting& thefuselage,‘butnoseriousdamage
totheairplanestructnn?eetisted.Inoneinstance,icethrown
fromthepropellerspenetratedthefuselageskinandcausedsane
damagetotiteriorequipnent.

Theresultsof”theinvestigationindicatethattheformation
oficeonanairplanepropellerwillcau8ea significantreduction
inairplaneperfomnencewhencertainmeteorologicalconditions
exist.Theninefli@tsfromtheClevelandlaboratory,inconM-
tionsthatveriedfrcmtracetolighticing,werenotsufficient
todefinethetypeofmeteorologicalconditionthatprcducesthe
mostdeleteriomeffectsonpropellerperformance.Somecorrela-
tionbetweentheicingrateendthepropeller-efficiencylosswas
obtained,however,asshownintableII.

— — — .—— .— .
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DatafromtheflightinvestigateionattheAmes@boratoryto .
deteminetheeffectoficeformationonpropellerperformanceare
presentedintableIII.Onlydatathatweresufficientlycomplete
tobeofinterestareticludedinthistable.Theuimum lossin
propellerefficiencywas19percent,whichisinagreementwiththe
resultspresentedh tableII. Duringnanyoftheflights,negli-
giblelossesinpropellerefficiencywereencountered.

A statisticalstudywas~de ofdatafromboththeCleveland
andAmesinvesti~tionetodeterminethemostfrequentlossinpro-
pellerefficiencyencounteredin47icingconditions.Thesedataare
presentedinfigure5 andindicatethatforapproximately8 percent
oftheicingencountersa lossinpropellerefficiencyof15to
20percentwasmeasured;5 percentofthetime,10to15percent;
50percentofthetime,5 to10percent;and37percentofthe
time,O to5 percent.

ComponentIcing

OneflightatClevelandwastie todeterminetheeffecton
airplaneperformanceoficeaccretionsoncomponentsoftheair-
planeotherthanthepropeller.Thetimehistoryoftheicing
conditionshowninfigure6 indicatesthattheaverageicingrate
wasapproximately4 inchesperhourandthata maximumicingrate
ofapprox~tely12inchesperhourexistedfora fractionofa
minute. A comparisonoftherotating-cylinderdatawiththeicing-
nte dataforthecorrespondingperiodindicatedthattheaverage
liquid-watercontentwasapproximately0.4grampercubicmeter
withanaveragedropletdiameterof17microns.Thesemeteoro-
logicalconditionsarealmostequaltotheseverestconditions
thatmightbeencounteredIna stratuscloudasdeteminedby
reference7.

Photographsoftheresultingicefomationsme shownin
figures7 to13. Frontandsideviewsoftheiceformationonthe
loop-antennahousingareshowninfigure7. Equallyheavyice
collectedontheantennamastandoninstrument-landing-system
receivingantennas(fig.8). Iceonthenoseuftheairplanewas
photographedonthegroundafter15minutesofflightintanpera-
turesabovefreezing(fig.9). Thin,rough,glaze-icedeposits
etiendedwellbeyondtheprincipaliceaccretion.Severallarge
isolatedpiecesIndicatethattheto@lformationwasmuchlarger
duringtheflight.Iceontheleadingedgeoftheenginecowling
(fig.10)wasun3f’0rmbutnoticeablysmallerthaniceformations
ontheothercomponentsoftheairplane.Theicefomatiomon
theinboard-wingpanelswererelativelysmsll(fig.11).Thesize
M theformationcanbe judgedbythel-inchreferencestripeson
thewingsurface.Someicewaslostfromtheoutboard-wingpanels

—-——- —--- --—. — -— ———. . . — .-. — — -——-——-—— —.—
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(fig.12),whichwasprobablycausedbythesirloadsontheice
andwingflexure.Thephotogrqhoftheiceonthehorizontal
stabilizer(fig.13)indicatesthesevmityd theicingcomiition
anatheshapeoftheicefomation.Figme13alsoshowsthatscme
icewaslostbecauseUPairloadsanaflexure.

. De-icingthecomponentsinthefollowingorderresultetlinthe
correspondingchangesinindicatedairspeeaat1400brakehorse-
-r: inboard-wingpanel,163to’166milesperhour;tailsurfaces,
166to170milesperhour;outboard-wingpanels,170to182.5miles
perhour;enginecowling,182.5to187milesperhour;andmiscel-
laneouscomponents,187to204milesperhour.(Seefig.14.)

Theseclatawereinterpreteiiinternsofparasitedraganaare
showninfigure15inpercentagecd?totaldragcdtheice-freeair-
plane.A dragincreaseaf8 percentwasprcxiucaibyiceaccretion
ontheinboard-wingpanels;empennage,11percent;outboard-wing
panels,27percent;enginecowlings,10percent;andmiscellaneous
components,25percent.

ThisinvestigationdianotincludetheaetezmdnationM such
factorsassta133ngspeea,midmumsingle-enginespeed,ma low-
speedfl@ngqualities.Itissi@.ficantthatthecontrolresponse
oftheairplaneapproache.athepointafbeingmarginalwhenallof
theairplaneexceptthepropellerhadaocreteaice.

. SUMMARYOFRESO13S

I&cma flightinvestigationto&ete_ theeffectofice
formationsonairplaneperfomuanceinlevelcruising
followingresultswereobtainea:~

1.Themaximumlossinpropellerefficiencyaue
ttononthepropellerbladesintrace-to-light-icing
19percent.

2.Duringthisinvestigation,87percentaPthe

flight,the

toicefoma-
Conditionswas

icingencoun-
teredresultedinpropeller-efficiencylossesd 10percentm less
iluetoiceformationonthepropellerblades.

3.Icefonnationeonallofthecomponentsoftheairplane,
exceptthepropellersduringoneicingencounter,resultedinen
increaseinparasitedrag& theairplane-of81percent.Thecon-
trolresponse& theairplaneinthisconditionwaamarginal.

—.-. —
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4.Themaximumpropellerunbalanceduetoiceformationson
thepropellerbladeswas85ounce-inches.

FlightPropulsionResearchLaboratory,
NationalAdvisoryCanmitteeforAeronautics,

Cleveland;Ohio,December12,1947.
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Figure 1. - Airplane equipped with thermal anti-lclng on propellers, wings, empennage,
Ing’edge, fore sectlcin of fuselage , and miscellaneous antenna masts.
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figure 2. - Rotating-cylinder assembly and disk--type Icing-rate indi-
cator on topof airplane.



.

.

;

.— — ..._ _____ ____ .



876
1 *

rII

-“”.

Propdller effl~leno~ 10SE , pel oent

20
10 ~
/ o

1800
/ / /

/ / / ““

h

~ 1600 / ‘ /

~

: / / /
d

.
-J

‘,

~ 1400 ~[

2.
/ /

/ /
/

/

-

e

P ‘

r-
>~

/

“r &

$

r:~+.$
0

,. ;

(rein)
: 1200

5

~ 1

,; _ ~

~ ; 7 Propeller8 and $ 4
0 miscellaneous / ~ ;,

v 9 o~onenta Ioed
w

1000 “’ b %
o Propeller ioe free;

miscellaneous oomponentm c-mzm
,.,;4,L:j,

iced
12.16.47

%lear air at aubfreezi~ .
temperatures

’160 170 1s0 190 200 21.O 220 230“
Correoted Indioated airspeed, mph

Figure S. - Perrormanee of airplane with ioe-free propelLer8 and with aooumulations
of glaze Ioe on propellers. Iu@ rate, 2.3 iaohea per hour.

z
o.

G



.

.

.

.

.

.

.—.——.



t

I

Prop mar eff14 :Ieno; r 10S; 3, pe]h~~t

moo .20 0

10 /

/

1600

@
g / / /

Pi
o / ‘

: 1403 v

2
/

4 > /
❑ Ioing

i
/ time

(tin)

s

‘d 1200 /

1

; R Fropel.lers and

: mlsoellaneoua

:: components iced

~ :2

$ 0 Propellers ice-free;

mlscellaneoua com-
1000 ponents Ioed

800170 180 190 200 ’21O 2$?0 230

Oorreoted indioatti airspeed, mph

Figure 4. - Performance cd’airplane with ice-free propellers and with rime-loe aocrnnul.atiou
on PPOP9U.WS. Iolng rate, 2.8 tnohes per hour.

-J



.



. ,

I

I
z
o.

G
U&

Zzi

=E=-1 I I I I I I I I I I I
0 10 20 30 40 60

Icing encounters, peruent .
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(a) Formation on loop antennae housing, front view.
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r

(b] Formation removed from ioop antennae housing, side view.’

Figure 7. - Formation of ice accumulated on loop-antenna fai ring. Aver-
age icing rate, 4 inches per hour; liquid-water content, 0.4 gram per
cubic meter; droplet size, 17 microns.
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1 G 19966
11-13-47

Figure 8. - Ice formation on antenna mast and instrument-landlng~ystem
receiving antennas. Average icing rate, 4 Inches per hour; Iiquld-
water content, 0.4 gram per cubic meter; droplet size, 17 microns.
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Figure 9. - Format~on of Tce on nose section of ?ui%yu. Photograph
taken on ground following flight through temperatures above freezing
for 15 minutes. Average Icing rateJ 4 inches per hour; IIqu
content, 0.4 gram per cubic meter; droplet size, 17 microns.
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- Formation of ice on leading edge of cowling and spinner.
cing rate, 4 inches per hour; Iiquld-water content, 0.4 gram
: meter; droplet size, i7 microns.
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Figure Il. - Formation of lce on in board+vlng panel of airplane. Average icing rate, 4 inches per
hour; liquid-water content, 0.4 Qrsm per cubic meter; droplet size, 17 microns. IPilnted stri&
are I in. wide.]
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Figure 12.- Formation of ice on outboard-wi”ng panel stiQWin9 sections
of ice lost by wing flexure. Average icing rate, 4 inches per hour;
liquid-water content, 0.4 gramper cubic meter; droplet size,
17 microns. (Painted stripes are { in. wide.)
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Figure 13. - Form@t Ion of Ice on horizontal stabilizer. Average Icing rate, 4 inches per hour;

Ilquld+ater content, 0.4 gram per cubic meter; droplet size, 17 microns. [Painted stripes
u

are I In. wide.] w
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Figure 14. -

At K+p@cd
loss

( mph 1

c. 19409
8-12.47

Airspeed loss caused by Ice accumulations on various components of airplane. Total air-
speed loss, 41 miles per hour, from 204 to 163 miles per hour.
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Inboard-whg panel-e

Bnpennage
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Drag ticreaae, peroent

Figure 15. - Drag Lnoreaae aaaooiated wfth Loi.ng of i.ndlvldual acmponen%e of airplane.


